A global aerosol transport model (Oslo CTM2) with main aerosol components included is compared to five satellite retrievals of aerosol optical depth (AOD) and one data set of the satellite-derived radiative effect of aerosols. The model is driven with meteorological data for the period November 1996 to June 1997 which is the time period investigated in this study. The modelled AOD is within the range of the AOD from the various satellite retrievals over oceanic regions. The direct radiative effect of the aerosols as well as the atmospheric absorption by aerosols are in both cases found to be of the order of 20 Wm −2 in certain regions in both the satellite-derived and the modelled estimates as a mean over the period studied. Satellite and model data exhibit similar patterns of aerosol optical depth, radiative effect of aerosols, and atmospheric absorption of the aerosols. Recently published results show that global aerosol models have a tendency to underestimate the magnitude of the clear-sky direct radiative effect of aerosols over ocean compared to satellite-derived estimates. However, this is only to a small extent the case with the Oslo CTM2. The global mean direct radiative effect of aerosols over ocean is modelled with the Oslo CTM2 to be -5.5 Wm −2 and the atmospheric aerosol absorption 1.5 Wm −2 .
Introduction
Global aerosol modelling has reached the point where validations against measurements and satellite data have become a necessary and important step to improve estimates of radiative forcing due to aerosols. The global aerosol models are important tools for estimating the anthropogenic fraction of the current aerosol content as well as future predictions of the atmospheric aerosol loading. The uncertainties in the climate effect of aerosols arise from such a wide range of causes that a multitechnique approach is needed (Haywood and Boucher, 2000; Houghton, 2001; Ramanathan et al., 2001; Kaufman et al., 2002 ). An increasing number of aerosol measurements have be-come available over the last years. These include surface in situ measurements, ground-based column aerosol observations, aircraft measurements, and satellite data. Multicomponent global aerosol models have recently become available. They are essential for interpretation of column measurements. On the other hand, the column measurements are important in validation of the models. Significant attention has been given to absorbing aerosols with regard to the direct aerosol effect (Haywood and Shine, 1995; Sato et al., 2003) , the semidirect aerosol effect (Ackerman et al., 2000; Hansen et al., 1997) , as well as global warming and local cooling induced by these aerosols (Menon et al., 2002) . Due to the importance of the absorbing aerosol methods to validate their distribution in global models are vital. Anthropogenic as well as natural aerosols need to be taken into account.
Satellite retrievals have provided useful knowledge into the field of climate effects of aerosols (Kaufman and Fraser, 1997; Haywood et al., 1999; Wetzel and Stowe, 1999; Ackerman et al., 2000; Kuang and Yung, 2000; Nakajima et al., 2001; Tanré et al., 2001; Rosenfeld et al., 2002; Sekiguchi et al., 2003; Bellouin et al., 2005; Kaufman et al., 2005) . Several aerosol retrievals from various instruments and satellite platforms have provided much information on aerosol optical depth (Husar et al., 1997; Stowe et al., 1997; Nakajima and Higurashi, 1998; Torres et al., 1998; Goloub et al., 1999; Mishchenko et al., 1999; Kahn et al., 2005; Remer et al., 2005) . Abdou et al. (2005) , Myhre et al. (2005) and Myhre et al. (2004a) compared various aerosol satellite retrievals and found significant differences, but also regions and time periods with promising similarities. For improved knowledge of the direct aerosol effect, it is of particular value that several recent studies have provided the radiative effect of aerosols from remote sensed data (Boucher and Tanré, 2000; Christopher and Zhang, 2002; Loeb and Kato, 2002; Bellouin et al., 2003; Zhang et al., 2005) . Yu et al. (2006) summarized 11 estimates of the clear-sky aerosol direct radiative effect at the top of the atmosphere based on remote sensed data, finding a range from -7.1 to -3.8 Wm and a mean of -5.5 Wm −2 . Fewer estimates of the absorption by the aerosols in the atmosphere were available but the mean of 7 estimates was 3.3 Wm −2 . Generally, the estimates of the radiative effect of aerosols (at the top of the atmosphere and at the surface) from the five available models were substantially weaker than the estimates based on remote sensed data (Yu et al., 2006) .
In this study, a global aerosol transport model (Oslo CTM2) is used to estimate the aerosol optical depth (AOD) and the radiative effect of aerosols over ocean. The model has been validated against ground measurements in Grini et al. (2002) , Grini et al. (2005) and Berglen et al. (2004) , and against aircraft measurements in Myhre et al. (2003a) and Myhre et al. (2003b) for various aerosol types. The main aerosol components, mineral dust, sea salt, sulphate, organic carbon and black carbon, are included in the model. In this work, stratospheric aerosols are neglected (Myhre et al., 2004b) . We restrict this study to comparison with column information mainly from satellite retrievals, but we also use measurements from sunphotometers. The time period from November 1996 to June 1997 is chosen here as AODs from five different satellite retrievals in this period have already been compared and converted to a common format (Myhre et al., 2004a) . Furthermore, an advantage with the period chosen is that the radiative effect of aerosols derived from one of these five satellite data sets, the POLDER instrument, is well documented in the literature (Boucher and Tanré, 2000; Bellouin et al., 2003) . The results from the aerosol model will be compared with the satellite-retrieved data. The aim of this study is not to perform a judgement of the available observational data, rather an evaluation of the global aerosol model against information available for the time period of investigation is performed.
The global aerosol model

General description of the transport model
Oslo CTM2 is an offline chemical transport/tracer model (CTM) that uses pre-calculated meteorological fields to simulate tracer distributions in the atmosphere. The model has been used in a wide range of studies of the change in atmospheric chemical composition (Gauss et al., 2003a; Gauss et al., 2003b; Isaksen et al., 2005) and for atmospheric aerosols (Grini et al., 2002; Myhre et al., 2003a; Myhre et al., 2003b; Berglen et al., 2004; Myhre et al., 2004b; Grini et al., 2005) . The spatial resolution of the model depends on the input of meteorological data. In this study, forecast data from European Centre for Medium-Range Weather Forecasts (ECMWF) have been used. The meteorological input data have been generated by running the Integrated Forecast System (IFS) model at ECMWF in a series of forecasts starting from the analysed fields every 24 h. Each forecast is run for 36 h, allowing for 12 h of spin-up and the last 24 h are diagnosed every third hour, generating a continuous record of input data. This produces standard ECMWF model output (cloud cover, surface properties etc.) and in addition a consistent data set with other relevant data (boundary layer height, convection, and three-dimensional rainfall) used in the CTM. The use of the IFS model allows a higher temporal resolution of 3 h compared to the standard of 6 h for archived data, and thus a more consistent data set. For this study, the meteorological data for 1996 are in T63 resolution (1.875
• × 1.875
• ) with 19 layers and the data for 1997 are in T42 (2.825
• × 2.825 • ) with 40 layers. This difference in model resolution has small impact on the aerosol load.
The advection of chemical species is calculated by the secondorder moment method, which is able to maintain large gradients in the distribution of species (Prather, 1986) . Vertical mixing by convection is based on the surplus and deficit of mass flux in a column (Tiedtke, 1989) . Turbulent mixing in the boundary layer is treated according to the Holtslag K-profile scheme (Holtslag et al., 1990) .
Dry deposition includes both uptake on the ground and turbulent mix-out for all species. Gravitational settling is included for sea salt and mineral dust. Wet deposition is treated separately for large-scale and convective precipitation, since the convective precipitation is coupled directly to the vertical transport (Berglen et al., 2004) . The atmospheric loss terms are described in more detail in the respective aerosol-type sections below.
Sea salt
Sea salt is simulated using the formulation of Grini et al. (2002) . The source formulation of Monahan et al. (1986) is used for small particles and the source formulation of Smith et al. (1993) is used for larger particles. The aerosols are allowed to grow Tellus 59B (2007), 1 The emission of sulphuric species is given as Tg(S)/month, whereas for organic carbon as Tg(C)/month. The sea salt emissions are dry aerosols.
to their equilibrium size with the ambient relative humidity (Fitzgerald, 1975) , and they are removed from the atmosphere by dry deposition (Seinfeld and Pandis, 1998) and wet deposition. Large-scale and convective wet deposition are calculated separately as in (Berglen et al., 2004) . Eight bins are used to transport seasalt. The bins are logarithmically evenly distributed with the smallest dry diameter being 0.03 μm and the largest dry diameter being 25 μm. The lifetime decreases with size since dry deposition is more efficient for the largest sizes. The global emissions of the various aerosol components are shown in Table 1 .
Mineral dust
Mineral dust is simulated using the Dust Entrainment and Deposition model of Zender et al. (2003) . The source formulation uses subgrid wind speed variability from Justus et al. (1978) so that dust can be mobilized even though the mean wind speed does not exceed the threshold wind for mobilization. The emissions are weighted by an erodibility factor accounting for that some deserts are more erodible than others (Ginoux et al., 2001 ). The erodibility factor in Oslo CTM2 is based on the idea that reflective areas can be more erodible than other areas (Grini et al., 2005) . Most of the dust mass is emitted with a mode having a mass median diameter of 4.82 μm. In the current simulations, eight bins are used to transport mineral dust. The bins are logarithmically evenly distributed with the smallest dry diameter being 0.06 μm and the largest being 50 μm.
Sulphate
Five sulphur components have been included in the Oslo CTM2; DMS, SO 2 , sulphate, H 2 S and MSA (Berglen et al., 2004 
Carbonaceous particles
Carbonaceous aerosols are implemented following Cooke et al. (1999) . Both BC and OC are separated into a hydrophobic fraction and a hydrophilic fraction. Emissions of BC are assumed to be 80% hydrophobic, while for OC this figure is 50% (Cooke et al., 1999) . Hydrophobic aerosols are aged (oxidized or coated by a hydrophilic compound) in the atmosphere and then become hydrophilic with an exponential lifetime of 1.15 days. Dry deposition of hydrophilic carbonaceous aerosols is calculated with a deposition velocity of 0.025 cm s -1 over dry surfaces (land) and 0.2 cm s -1 over oceans. For hydrophobic aerosols, a deposition velocity of 0.025 cm s -1 is applied for all surfaces. The hydrophilic aerosols are also removed by wet deposition. They are assumed to be totally absorbed in the cloud droplets, and are removed according to the fraction of the liquid water content (LWC) of a cloud that is removed by precipitation, as described in Berglen et al. (2004) .
Aerosol optical properties
The optical properties are calculated for six different aerosol types, namely sea salt, mineral dust, sulphate, and carbonaceous particles which are divided into three components; fossil fuel (FF) black carbon, organic carbon and biomass burning aerosols (see Table 2 ). For mineral dust and sea salt size distributions are calculated in the transport model, and are used in Mie theory calculations of the optical properties. For sulphate, organic and black carbon pre-defined dry lognormal size distributions are adopted in the Mie calculations of optical properties. The size distributions, refractive indices (at 550 nm), and assumptions regarding hygroscopic growth of the various aerosols are shown in Table 2 . Internal mixture of BC and OC is included for the biomass burning aerosols (Myhre et al., 2003a) . For the rest of the aerosol components, external mixing is assumed. The refractive indices for sea salt, sulphate, and black carbon are taken from the standard literature. For mineral dust and aerosols from biomass burning information from the aerosol campaigns SHADE and SAFRAI-2000 is used, respectively. Fossil fuel organic carbon is assumed to be purely scattering with similar refractive indices as for sulphate aerosols. This is justified by the study of (Myhre and Nielsen, 2004) who investigated a class of water soluble organic acids, with negligible absorption. Jacobson (1999) , however, found that the absorption could be significant in the UV and visible region for certain organic compounds. A more detailed understanding of the organic compounds is needed in order to improve their optical properties. Hygroscopic growth is included for sea salt, sulphate, and the hydroscopic fraction of organic carbon. Water uptake is included up to 99.5% relative humidity. Parametrization of the water uptake is based on the study of Fitzgerald (1975) for sulphate and sea salt and Peng et al. (2001) for OC. For sulphate the parametrization of Fitzgerald was tested against solving the Kohler equation, with almost identical results (Myhre et al., 2004c) . In Myhre et al. (2004c) , it was found that subgrid variation in relative humidity could significantly strengthen the radiative effect of sulphate aerosols. Further it was found that different data sets of relative humidity could result in significantly different water uptake for sulphate aerosols. In this work, the ECMWF IFS relative humidity data are used with no subgrid variability. Based on the SAFARI-2000 measurements, an increase of 20% of biomass burning aerosol mass due to non-carbonaceous material (Formenti et al., 2003) is included.
Mineral dust and sea salt particles may be non-spherical, but it is shown in Mishchenko et al., (1995) that for radiative fluxes Mie theory (assuming spherical particles) is reasonable.
Radiative transfer calculations
A multistream model using the discrete ordinate method (Stamnes et al., 1988 ) is adopted for the radiative transfer calculations in the solar spectrum. The model includes gas absorption, Rayleigh scattering, absorption and scattering by aerosols, and scattering by clouds. In the current simulations, eight streams are used with four spectral regions, see further details in Myhre et al. (2002) . The radiative transfer calculations are performed offline so the aerosols do not feed back on to the meteorology.
Remote sensing data
The global aerosol model is compared against remote sensing techniques for information of column aerosol characteristics, mainly the aerosol optical depth (AOD). Various satellite retrievals and ground-based sun-photometers from the AERONET network will be used to evaluate whether the global aerosol model gives reasonable results for the time period studied. An important part of this study is comparison between the global aerosol model and satellite-derived direct radiative effect of aerosols and absorption of aerosols in the atmosphere.
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Satellite data
In the period November 1996 to June 1997, five satellite retrievals of AOD over global ocean are available. In this period, the POLDER and OCTS instruments were operating onboard the ADEOS satellite platform. In addition, aerosol retrievals from the long term AVHRR and TOMS 2 instruments were available. For AVHRR actually two retrievals were accessible; namely onechannel and two-channel retrievals. These altogether five aerosol satellite retrievals are compared for monthly mean data on a common format in Myhre et al. (2004a) . A description of the algorithms used in the aerosol retrievals can be found in Myhre et al. (2004a) and references therein.
AERONET
AERONET is a world wide network of ground-based sunphotometers (Holben et al., 1998) . The main information from AERONET is spectral AOD, but information such as size distribution, single scattering, and refractive indices can also be retrieved. Monthly mean Level 2 AOD data are adopted and this is the same as used in Myhre et al. (2004a) .
Radiative effect of aerosols and absorption by the aerosols derived from POLDER
In the POLDER aerosol retrieval, 12 different models are used. These consist of four values for the modal radius and three values for the refractive index. Based on the selection of the aerosol model along with single scattering albedo values from the AERONET offline radiative transfer calculations have been performed (Bellouin et al., 2003; Boucher and Tanré, 2000) . Calculations of the radiative effect of aerosols at the top of the atmosphere and at the surface are performed. From this the absorption in the atmosphere by aerosols are derived (Bellouin et al., 2003) . In Bellouin et al. (2003) , sea salt aerosols are assumed to have a single scattering albedo of 0.98. In this study, the radiative effects of aerosols from POLDER have been recomputed assuming purely scattering sea salt aerosols. We use this new data set except where stated otherwise. Figure 1 shows the global distribution of AOD at 550 nm for sulphate aerosols, fossil fuel black carbon, fossil fuel organic carbon, sea salt, mineral dust, and biomass burning aerosols for the period November 1996 to June 1997. The spatial patterns of the different aerosol species are quite dissimilar. The black carbon and organic carbon from fossil fuel burning have the most similar pattern. Sulphate aerosols have also highest AOD in industrial regions, but sulphate has significant AOD over ocean as well. Sea salt AOD is very low over land, whereas over ocean it is as high as 0.2 around 50
Results
Model results
• latitude in both hemispheres, where surface wind is large. The highest AOD is from mineral dust with particularly high values over the Saharan and Arabian deserts. Over the Atlantic Ocean, the transport of Saharan dust is clearly evident. For the period investigated here, the highest AOD from biomass burning aerosol is in the African sub-Sahelian region, but transport over the Atlantic Ocean is significant. The AOD for the aerosols from biomass burning over the Atlantic Ocean is somewhat weaker and generally displaced somewhat southward compared to mineral dust AOD. South East Asia and southern America are also regions with biomass burning aerosols. However, the main biomass burning season during July to September in southern America as well as in southern Africa is not included in the time period considered here. The aerosol components with a source over land are clearly transported over ocean, in particular in coastal regions. However, over remote oceanic regions sea salt aerosols and sulphate aerosols are clearly dominating. The global mean AOD is shown in Table 1 , with sea salt having the highest global mean AOD in these model simulations.
Comparison of model and satellite-retrieved AOD
Aerosol optical depth from five different satellite retrievals and based on the Oslo CTM2 are shown in Fig. 2 . There are many striking features that agree between the model and the satellite retrievals, but there are also significant differences. The highest AOD is found off the west coast of Africa and from Fig. 1 it can be seen to be due to mineral dust and biomass burning aerosols. Further the model reproduces the general pattern of the satellite retrieval results with higher AOD in coastal areas compared to remote oceanic regions. In Myhre et al. (2004a) , it was found that the largest difference between the satellite retrievals was in the Southern Hemisphere around 50
• . The modelled AOD in this region lies within the range of the satellite retrievals. At high latitudes, the model seems to have values closest to the AVHRR-2 retrievals. Off the coast of the Saharan desert, the values seem closest to the POLDER satellite retrieval. Nonspherical particles and aerosol retrievals of these may be one possible cause of difference between the model and the satellite aerosol retrievals (Mishchenko et al., 2003) . However, several causes can here contribute to the differences.
The zonal mean of the AOD shown in Fig. 3a illustrates that the model is within the range of the satellite retrievals. The model AOD follows variations similar to those of the satellite retrievals with highest values around 50
• S, 10
• N, and 40
• N. Figure 3b shows the temporal variation in the global mean AOD and as in Fig. 3a the model has values closest to the AVHRR-2 satellite retrieval. Note the nice similarity in pattern in the seasonal variation for the model and all the satellite retrievals.
Similar to Myhre et al. (2004a) , we emphasize the coastal areas with elevated AOD compared to most of the remote oceanic regions. Aerosols in coastal regions have often a more complex chemical composition than those in remote oceanic regions, see Fig. 1 . Based on the analysis in Fig. 2 and from Myhre et al. (2004a) , many of the 11 coastal regions shown in Fig. 4 the agreement between the satellite-retrieved AOD is better than in most remote oceanic regions. In most coastal regions the model AOD is within the range of the satellite retrievals. The largest differences between the model and the satellite retrievals are seen for a few months over the Cape Verde Plateau, the Arabian Sea, and the Red Sea. These are regions with relatively high AOD and some satellite retrievals have upper threshold values for AOD to distinguish between aerosol and clouds. Indeed, for very high AOD, such as large dust outbreaks, most satellite retrievals have problems to retrieve aerosol information . The seasonal variation of AOD in the model follows the satellite data quite nicely. In the oceanic regions downwind to the main areas with industrial pollution in the Northern Hemisphere, there is a clear increase in AOD from the winter to the summer, except in the South China Sea. A spatial correlation based between the modelled AOD and the satellite retrieval on the monthly data is shown in Fig. 5 for the 11 oceanic regions. This analysis is performed to investigate to which degree the modelled spatial pattern is similar to the satellite retrievals and to illustrate regional variations in the model-satellite comparison. The figure shows that the model has correlations around 0.6 to the AVHRR-1 and POLDER satellite retrievals for the 11 regions. Against the other satellite retrievals, the model has somewhat lower correlation which varies more between coastal regions than in the case of AVHRR-1 and POLDER. Figure 6 provides a comparison of monthly mean AOD between the model, satellite retrievals, and AERONET data. Comparison with AERONET data is complicated and monthly mean data must be dealt with cautiously . The spatial resolution, the number and time of the day of measurements, and cloud screening are different causes making such a comparison difficult. The model has a regression slope that is slightly below unity indicating a reasonable agreement with the AERONET data. The comparison between the satellite retrieval and AERONET is commented in Myhre et al. (2004a) . The POLDER data compare best with AERONET data shown in Fig. 6 . For the other satellite-retrieved data, the slope has a lower value, but note that the reduced slope is due to relatively few high AOD AERONET observations. Often these high AODs are from Cape Verde or Dakar. For Cape Verde a daily comparison for the year 1996 is performed in Grini et al. (2005) . The main aerosol component at Cape Verde is mineral dust, and the model reproduces the main dust storms in 1996. The agreement was poorest for February and November of that year due to overestimation of two dust storms at this location.
Comparison with AERONET data
Comparison of satellite and model derived radiative effect of aerosols
The POLDER and model-derived clear-sky aerosol direct radiative effect (RE) of aerosols is shown in Figs 7a and 7b as an eight-month average based on daily averaged numbers. The aerosol direct radiative effect is defined as the difference between radiative fluxes at the top of the atmosphere when aerosols are included and excluded. The patterns of the aerosol direct radiative effect of the aerosols in the two panels are very similar. Negative values are found in all regions. In both cases, an RE stronger than -20 Wm −2 is calculated off the west coast of North Africa. An even stronger RE (stronger than -100 m −2 ) was found during daytime in a dust event during the SHADE campaign Myhre et al., 2003b) . The radiative effect is strong in coastal areas, and somewhat stronger in the model than in the POLDER data. The model has a stronger radiative effect of the aerosols around 50
• in the Southern Hemisphere than the POLDER data and it can be seen from Fig. 2 that AOD in this region differs substantially. In other remote oceanic regions, the radiative effect of the aerosols is relatively weak. To avoid that differences in the radiative effect of the aerosols arise from differences in the AODs, we show in Figs 7c and 7d a comparison of the normalized radiative effect (NRE) (radiative effect divided by the AOD). Scattering by particles is more efficient at high solar zenith angles (Haywood and Shine, 1997) and thus the almost non-absorbing aerosols at high latitudes explain the large gradient in NRE at high latitudes. The NRE has a larger latitudinal variation in the POLDER derived product than in the model. Significantly larger NRE is found in POLDER than in the model at high latitudes. The reason for the different magnitude of NRE at high latitudes is unclear, but potentially differences in size distributions influence the results. Off the coast of the Saharan desert most of the AOD is from mineral dust, as indicated in Fig. 1 . South of the Equator in Africa the AOD is clearly dominated by biomass burning. However, in a relatively small boarder region there is a complex mixture of mineral dust and biomass burning aerosols. Off the coast of the Saharan desert, the NRE is somewhat weaker in the model than in POLDER, whereas southward of this the NRE values are very similar, indicating good accordance for biomass burning aerosols and slight difference for mineral dust.
Figures 7e and 7f show the atmospheric absorption by the aerosols (ABS) for the POLDER and model-derived estimates. Note that these estimates include aerosol absorption as well as increased gas absorption due to scattering of the aerosols. The agreement between POLDER and the model is very good. Over remote oceanic regions the global transport model has somewhat higher values, which is likely related to the higher AOD in these regions. Close to the Asian continent the POLDER derived atmospheric absorption is somewhat higher, whereas the global aerosol transport model has somewhat higher values off the coast of western Africa. For POLDER and the model, the normalized atmospheric absorption (NAB) due to aerosols is shown in Figs 7g and 7h , respectively. The agreement is very good in coastal areas but the normalized atmospheric absorption from the aerosols is somewhat higher in the model in remote oceanic regions. In the current version of the POLDER-derived radiative effect of aerosols, a sea salt single scattering albedo at 670 nm of 1.0 is used, whereas in the original data a value of 0.98 was assumed (Bellouin et al., 2003) . With a sea salt single scattering albedo of 0.98 a significantly stronger normalized atmospheric absorption was found in the POLDER than in the model in remote oceanic regions, with typical values around 15 Wm −2 . In the model some transported black carbon from fossil fuel and biomass burning as well as mineral dust make the single scattering albedo slightly lower than 1.0, but still much higher than 0.98 as used in the original POLDER data. The regions with high NAB in POLDER and the model are similar. Close to the Asian continent particularly high values are found in the Indian Ocean, a region with high content of black carbon from anthropogenic activity (Ramanathan et al., 2001b) . Similar to what is illustrated here a large difference between the surface and top of the atmospheric radiative forcing has been shown earlier, with a potential impact on the hydrological cycle (Ramanathan et al., 2001a; Ramanathan et al., 2001b; Kaufman et al., 2002) . The NRE differs somewhat between POLDER and the model in the South East Asia coastal region. The RE is stronger in the model whereas the NRE is weaker than the POLDER data. The different result for RE and NRE arises from larger AOD in the model than in POLDER for this region (Fig. 2) . Further, the slightly stronger NAB in the POLDER data than in the model contributes to the differences for NRE in this region. West of Africa there is a high normalized atmospheric absorption mainly due to aerosols from biomass burning. Also around America (especially the central part) the high NAB values arise mainly from aerosols from biomass burning. Fig. 8 shows the zonal mean of the quantities shown in Fig. 7 . The radiative effect and atmospheric absorption of aerosols show good agreement, except at high northern latitudes. The difference at high northern latitudes in RE is mostly a result of disagreement in the NRE. For the atmospheric absorption from the aerosols it can be seen that the change in the single scattering albedo for sea salt from 0.98 to 1.0 is significant. The normalized radiative effect of the aerosols is weaker in the model than in the POLDER data, in particular at high latitudes. The zonal mean of the normalized atmospheric absorption of the aerosols from the model is mostly between the two POLDER data sets with different single scattering albedo for sea salt. The exception here is again at high latitudes.
Temporal variation in the normalized radiative effect and normalized atmospheric absorption of the aerosols is shown in Fig. 9 over large oceanic regions. For all cases, the temporal variation in the model follows quite nicely the POLDER data. As shown in Figs 7 and 8 the model has a weaker normalized radiative effect of the aerosols, and this is most pronounced in the Antarctic Ocean and least in the North Atlantic Ocean. For the normalized atmospheric absorption, the model results are between the two POLDER data sets but mainly closest to the case with pure scattering sea salt aerosols.
Figures 10 and 11 show the temporal variation in the normalized radiative effect and normalized atmospheric absorption from the aerosols at several coastal areas. The model has weaker normalized radiative effect than the POLDER data, except at Cape Verde, the Arabian Sea, and the Bay of Bengal. It is only over the Black Sea and the Caspian Sea that the differences between the model and POLDER are significant, which may arise from assumption of the surface reflectance over these regions. Stronger aerosol absorption in the model cannot explain this difference since model calculations with purely scattering aerosols influence the results in these two areas by around 20%, which is similar to what is found in other regions. The normalized atmospheric absorption by the aerosols compares generally very well between the model and the POLDER data, including the temporal variations. The largest differences for this quantity are found at the Cape Verde Plateau and the Mediterranean Sea. Even in the Black Sea and the Caspian Sea the agreement is good, despite differences in the normalized radiative effect. Table 3 shows the global mean numbers over oceans for the eight month period. are present then a zero RE are assumed. Simulations with the cloud mask are not performed intended to be realistic, but to gain insight how clouds impact the RE. Further, analysis with satellite-derived products can in some instances use the cloud mask RE approach. In the all sky simulation the contribution to RE comes from both clear sky and the cloudy sky. The cloud mask weakens the radiative effect of the aerosols significantly whereas the all sky radiative effect strengthens the radiative effect of the aerosols compared to the cloud mask. The latter result indicates that most of the absorbing aerosols above clouds do not play a major role in the model simulations; in such a case, the effect of including clouds would have been to give a positive radiative effect. The direct radiative effect of the aerosols at the top of the atmosphere for the time period studied here is similar to the mean of the remote sensed data found in Yu et al. (2006) for yearly averaged data. The atmospheric absorption in the atmosphere is weaker than what is found based on the remote sensed data.
Summary and discussion
A multicomponent global aerosol model has been compared to global oceanic data from five different satellite retrievals for an 8 month period in 1996 and 1997. Previous work has shown that these satellite data differ in retrieved AOD. The aerosol model estimates an AOD that is mostly within the range of the satellite retrievals. In comparison with AERONET data, the model also performs satisfactory. For one of the five satellite retrievals used in the AOD comparison, the direct aerosol radiative effect has been estimated previously. The radiative effect and atmospheric absorption is compared between the model and a data set derived based on POLDER retrievals. Similar patterns and magnitudes of the radiative effect and atmospheric absorption have been found. Somewhat larger differences were found when these quantities were normalized with AOD, in particular for the radiative effect at high latitudes. Our modelling results show a closer agreement with the satellite-derived radiative effect of aerosols compared to previously published model results. The five model estimates of RE in Yu et al. (2006) range between -4.7 and -1.6 Wm −2 and 10 out of the 11 satellite-derived estimates had stronger RE. The atmospheric absorption in the Oslo CTM2 is similar to the results from five models in Yu et al. (2006) . Therefore, the AOD is higher or the NRE is stronger in Oslo CTM2 than in the other models. In any case Oslo CTM2 seems to yield results which are close to the available observations.
To gain confidence in calculations of radiative forcing of anthropogenic aerosols in global aerosol models, detailed comparison with available measurements is needed. Quantification of the absorbing aerosol is especially important since it has potential for changing the sign from a negative to a positive direct radiative forcing (Haywood and Shine, 1995; Jacobson, 2001; Myhre et al., 2003a; Sato et al., 2003) . Further, absorbing aerosols may also be involved in a semidirect aerosol effect resulting in a global warming but local cooling (Menon et al., 2002) . Menon et al. (2002) showed that absorbing aerosols in accordance with measurements of single scattering albedo could lead to a local cooling and changed precipitation pattern over China and India. This could explain observed trends in temperature and precipitation. Absorbing aerosols influence the solar energy more than scattering aerosols by increasing the atmospheric absorption significantly and also by reducing the solar radiation reaching the surface even more efficiently than scattering aerosols (Ramanathan et al., 2001a; Kaufman et al., 2002) . The type of mixture between scattering and absorbing aerosols also influence the RE and atmospheric absorption. Several studies have shown that the single scattering albedo is significantly lower for an internal mixture than for an external mixture (e.g. Haywood and Shine, 1995) . There is still a large uncertainty regarding the degree of mixing as well as type of mixing between various aerosols (Fuller et al., 1999; Mishchenko et al., 2004; Liu and Mishchenko, 2005 ). In our model, the RE and atmospheric absorption would be weakened and strengthened, respectively, by assuming more internal mixing than assumption with external mixing. However, Mishchenko et al. (2004) found that semiexternal (aggregated particles) only modest change the single scattering albedo compared to external mixing. Based on the analysis made here, it is not possible to draw any firm conclusion regarding the assumption of external mixture. Internal mixing may also influence the hygroscopicity of the aerosols and thus the wet deposition.
In order to reduce the uncertainty related to the direct aerosol effect, one needs to improve knowledge on the optical and radiative properties as well as the aerosol concentrations and distributions. Substantial changes in the emissions of aerosols and their precursors have taken place during the last 1-2 decades (Vestreng and Støren, 2000; Carmichael et al., 2002; Novakov et al., 2003; Novakov and Hansen, 2004; Sharma et al., 2004) . Improving these emission data, geographical distribution of the emissions, and the trends are important for the modelling of many of the anthropogenic aerosols. In particular, improvements in the emissions of carbonaceous aerosols are needed, including yearto-year variations in biomass burning fires. Another aspect that needs to be investigated for the carbonaceous particles is the oxidation rates for these particles. Maria et al. (2004) indicated lower oxidation rates than previously recognized.
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